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a b s t r a c t
The aim of the presented study was to evaluate the effect of the ozonation process before activated 
carbon adsorption on organic substance removal effectiveness and the adsorption process as a whole. 
The study was conducted in two flow-type water treatment systems: the reference and the test system. 
Both systems functioned continuously with a throughput of 3 m3/h, supplied by water uptake from 
Oława River. Water was subjected to coagulation, sedimentation, rapid filtration, ozonation (reference 
system only) and adsorption. Such a configuration of processes allowed for a comparison of the 
effectiveness of organic substance removal during adsorption preceded by ozonation. Generally, 
the removal efficiency of dissolved organic carbon decreased with time since the study started, 
corresponding to decreasing bed adsorption capacity. The novelty of the research is the combination 
of chemical analysis with the microbiological aspect. Chemical transformations prove more effective in 
removing organic compounds by the use of the ozonation process before the activated-carbon filters. 
The assessment of the microbial content flushed into water indicates an increased development of 
biofilm in the reference system, which also intensifies the removal of organic compounds. The specific 
UV absorbance values after the adsorption process in both systems indicate the presence of organic 
substances of low molecular mass.
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1. Introduction

The presence of organic substances in natural water, 
especially surface water, may pose a serious hazard to 
human health, which has been repeatedly confirmed by 
studies worldwide [1–4]. This problem is aggravated 
by the identification of an increasing number of organic 
pollutants, particularly pharmaceuticals, cosmetics [5,6] 
and pesticides, whose consumption is increasing world-
wide [7,8]. Apart from micropollutants, an ever increasing 
amount of residential and industrial sewage containing 

organic substances of varying properties is being introduced 
into water [9–11].

These factors make it necessary to ensure highly 
effective removal of organic substances during treatment 
of water intended for human consumption. Consequently, 
an adsorption process is often included in conventional 
treatment processes [12,13], with the most common sorbent 
used being activated carbon [14,15]. This process, as shown 
by Hyung and Kim [16] allows for the removal of substances 
of low and medium molecular masses from water, which are 
susceptible to removal by coagulation to a low degree [17]. 
This enables a simultaneous increase in the effectiveness in 
removing micropollutants [18–20] as well as disinfectant 
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by-product precursors [21]. Additionally, in the case of 
adsorption on activated carbon beds, a spontaneous bio-
film formation occurs on the surface of sorbent grains [22], 
which enables biodegradation in addition to adsorption 
[23]. Often, this mechanism allows for a significant increase 
in organic substance removal effectiveness, including dis-
solved organic carbon (DOC) [24], while also increasing bed 
lifetime. Therefore, the novel combination of chemical and 
microbiological analysis will allow the evaluation of both 
mechanisms – adsorption and biodegradation of organic 
compounds.

An evaluation of the adsorption process showed that 
the parameters determining the course of this process, apart 
from carbon properties and the type of pollutants present in 
water, are the water-carbon contact time and the water tem-
perature [25,26].

Many authors indicated that the effectiveness of the 
adsorption process in removing organic substances may be 
increased by the introduction of an ozonation process prior 
to adsorption [4,27,28]. This process allows for a transforma-
tion of organic matter from large molecular mass substances 
into those of a lower molecular mass [29], which makes them 
more susceptible to adsorption. However, there is no clear 
information concerning the effect of introducing ozonation 
prior to adsorption, and therefore, it was justified to con-
duct studies aiming to compare organic substance removal 
effectiveness in systems with and without ozonation prior 
to adsorption. Conducting studies in a flow-type system 
allowed for evaluating adsorption over time and monitoring 
the depletion of the adsorption potential of the activated car-
bon bed in both systems. 

The aim of the research was to determine the effect of the 
ozonation process on the adsorption effectiveness and the 
“durability” of activated carbon by analyzing both chemical 
and microbiological changes.

2. Subject and methods of study

The study was carried out in flow water treatment systems 
(reference and test), consisting of coagulation, sedimentation, 
rapid sand filtration and adsorption (Figs. 1(a) and (b)). In 
one of the systems (reference) an ozonation process prior to 
adsorption was introduced, which allowed for an evaluation 
of organic substance removal effectiveness with and without 
ozonation prior to adsorption. Both systems operated contin-
uously with a throughput of 3 m3/h. The system was supplied 
by surface water uptake by a water treatment plant.

The study was started after the adsorption filters of both 
systems were filled with fresh activated carbon (March 2017) 
and ran for 4 months. 

The adsorption process was carried out on rapid filters 
filled with granulated activated carbon (WG12), whose 
properties are shown in Table 1.

Fresh activated carbon was inhabited by only individual 
live organisms, as was confirmed by a photograph of the fresh 

(a)

(b)

Fig. 1. (a) Schematic of reference water treatment system showing sampling points. RMT, rapid mixing tank; FB, flocculation basin; 
Cl, clarifier; SF, sand filter; RCh, reaction chamber; GACF, granular activated carbon filter; CWB, clear water basin; sampling points: 
R1 – before adsorption and ozonation, R2 – after ozonation and R3 – after adsorption. (b) Schematic of test water treatment system 
showing sampling points. RMT, rapid mixing tank; FB, flocculation basin; Cl, clarifier; SF, sand filter; GACF, granular activated 
carbon filter; CWB, clear water basin; sampling points: T1 – before adsorption and T2 – after adsorption.

Table 1
Properties of WG12 activated carbona

Nos. Parameter Value

1 Bulk density, g/L 470
2 Volatile substance content, % 1.50
3 Ash content, % 11.6
4 Specific surface area, m2/g 968
5 Iodine number, mg/g 1,014
6 CTC – adsorption CCI4, % 62.3
7 <0.5 mm subfraction content, % 0.0
8 Mechanical strength, % 97.3

aData from the Gryfskand manufacturer (Poland).
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carbon surface with the use of a live-dead dye (Fig. 2). The 
photo was taken under a fluorescence microscope.

The water-bed contact time for both systems was between 
17 and 19 min. Insignificant changes in the flow time through 
the beds resulted from constant system throughput. 

The ozonation process (reference system) was operated 
with a constant ozone dosage of 1.2 g O3/m3, generated by a 
BMT 803 BT Ozone generator.

The objects of study were water samples before and 
after adsorption, and before ozonation (Figs. 1(a) and (b)). 
Samples were taken once a day from Monday to Friday. 
Water temperature, pH, alkalinity, specific conductivity and 
concentrations of oxygen, DOC, phosphates and ammonium 
were determined for all water samples. Additionally, the 
water turbidity was analyzed, along with color at wavelengths 
of 340 and 410 nm, and UV absorbance at wavelengths of 254 

and 272  nm. Furthermore, the electrokinetic potential was 
measured once per week, which allowed for an evaluation 
of the stability of the colloid. The total psychrophilic 
microorganism count was also measured weekly, along with 
the total mesophilic microorganism count.

Based on the absorbance values of UV254 and DOC, specific 
UV absorbance (SUVA) was calculated. All evaluations were 
performed according to applicable Polish Standards. 

Due to the conducted study, it was possible to compare 
the effectiveness of the adsorption process in removing 
organic substances both with and without an ozonation 
process preceding adsorption. Additionally, the ozonation 
process influence on biofilm develop was analyzed. 
Changes in effectiveness with respect to input water qual-
ity were also evaluated. During the study period, significant 
changes in quality of the input water were observed due to 
changes of seasons, particularly because of changes in water 
temperature.

The aim of the research was to determine the effect of the 
ozonation process on the adsorption effectiveness and the 
“durability” of activated carbon by analyzing both chemical 
and microbiological changes.

3. Results

The water samples subjected to adsorption in both 
systems were characterized by a high variability in water 
quality indicators (Table 2), particularly those testifying to 
contamination with organic substances. 

The dissolved organic content in 2.5% of water 
samples exceed the acceptable level for drinking water 
(under 5.0  mg/L), despite treatment during coagulation, 

Fig. 2. Photograph of carbon surface with the use of a live-dead 
dye (green areas – live bacteria, red areas – dead bacteria).

Table 2
Water quality indicator ranges at individual sampling points

Parameter T1 T2 R1 R2 R3

Temperature, °C 10.9–23.5 11–23.5 10.4–23.5 10.8–23.7 11.1–23.7
NH4

+, g 
NH4

+, m3

<0.05 <0.05 <0.05 <0.05 <0.05

Turbidity, NTU 0.0–0.5 0.0–0.3 0.0–0.4 0.0–0.6 0.0–0.4

pH 6.94–8.16 6.94–8.26 6.88–7.76 6.81–7.81 6.62–8.17

Psychrophilic microorganisms, cfu/mL 65–310 15–4,100 24–850 0–260 180–260,000

Mesophilic microorganisms, cfu/mL 1–140 5–3,700 4–230 0–52 16–19,000

PO4
–3, g

PO4
–3, m3

0–0.27 0–2.40 0–0.21 0–0.20 0–2.40

Conductivity, µS/cm 383–734 7.6–740 383–735 384–735 386–743
DOC, gC/m3 2.34–5.58 0.30–2.79 2.27–5.71 2.25–5.49 0.36–2.86
UV254, m–1 5.1–12.2 0.0–5.3 5.1–12.6 1.7–9.1 0.0–3.9
UV272, m–1 4.0–9.8 0.2–4.2 4.0–10.1 1.2–6.7 0.0–2.8
Alkalinity, val/m3 1.88–3.57 1.9–3.6 1.85–3.58 1.85–3.57 1.89–3.58
Color 340, g/m3 4.3–10.3 0.0–4.0 4.3–10.8 0.8–5.7 0.0–2.4
Color 410, g/m3 6.0–13.6 0.0–4.7 3.0–14.2 0.8–6.8 0.0–3.0
Electrokinetic potential, mV –7.55 to –2.39 –6.26 to –2.51 0 –9.68 to –3.1 –9.13 to –3.72
SUVA, m3/g·m 1.60–2.44 0.03–2.19 1.66–2.41 0.71–2.35 0.00–2.38
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sedimentation and filtration processes. The increase in DOC 
concentration in water undergoing adsorption or ozonation 
with adsorption above 5 g C/m3 took place in May (Fig. 3), 
and was connected with a sudden decrease in input water 
quality as a result of spring surface runoffs after intense 
rains [30]. 

Among the organic substances, ultraviolet radiation 
absorbing substances dominated, which is confirmed by the 
linear correlations that were found (Fig. 4). This indicated 
their large susceptibility to removal by adsorption [31].

Water undergoing ozonation and adsorption or adsorp-
tion was saturated with dissolved oxygen, which is a require-
ment for biofilm development on the surface of an activated 
carbon bed [32]. Food substrates present in water stimulates 
biofilm development [33].

The adsorption process ensured a significant decrease in 
organic substance content, and consequently decreased UV 
absorbance and color intensity (Table 3).

The highest removal efficiency of above indicators 
(90.20%–99.96%) was obtained at the beginning of research 
when granular activated carbon was fresh. At the same time, 
85.2% of samples of water taken from the reference system 
showed higher removal efficiency of DOC than in the system 
without ozonation. In the remaining water samples, the effec-
tiveness that was found was lower by a maximum of 2% and 
therefore did not exceed the error of analysis of DOC con-
tent. The effectiveness in removing DOC during the study 
period was greater by 17.9% and increased with increasing 
bed operation time.

In both systems, the effectiveness of reducing DOC con-
centrations decreased with increasing operating time of the 
filters, that is, with depletion of the activated carbon adsorp-
tion capacity (Fig. 5). Both of these relationships indicate a 
slower depletion of the bed capacity in the reference system. 
The differences were small, it is probably due to the intensi-
fied biodegradation associated with the presence of higher 
concentrations of biodegradable organic matter in water after 
ozonation [34]. It means that the ozonation had small influ-
ences on DOC removal during adsorption.

The effective elimination of organic matter also reduced 
the UV absorbance, both at 254 and 272 nm (Figs. 6(a) and 
(b)). As with DOC, this efficiency diminished with a pro-
longed operating time of the carbon bed filters. In the first 
month of activated carbon bed operation, differences in the 
UV254 and UV272 absorbance reduction effectiveness between 
the systems were small and were in the ranges of 7.7%–15.8% 
and 9.0%–18.2%, where the larger effectiveness was found 
in the system with ozonation. In the later period, the effec-
tiveness of the reference system was much higher than that 
obtained in the test system. This may be influenced by: dif-
ferent susceptibilities of organic substances after ozonation 
to adsorption as well as a lower filter load in the reference 
system and the development of a biofilm on the bed surface. 
This may also be due to a decrease in UV absorption during 
the ozonation process itself, which is confirmed by stud-
ies [35] and also due to the fact that the ozonation process 
allowed for a change in the organic substance structure, as 
has been confirmed by many studies [29,36,37].

Additionally, significant decreases in the UV254 and 
UV272 absorbance were observed during the ozonation pro-
cess, with only a small decrease in DOC (Table 3). Structural 

changes decrease the molecular mass of organic compounds, 
which makes them more susceptible to biodegradation, and 
influences susceptibility to adsorption to only a small degree. 
At the same time, a lower DOC concentration in water reach-
ing adsorption filters, caused by DOC removal during the 
ozonation process, lengthens the adsorption cycle, slowing 
the adsorption front translation speed.

The use of ozonation before carbon filtration beds 
increases the concentration of organic food substrates 
for microorganisms inhabiting the activated carbon sur-
face. Therefore, this causes an intensification in biofilm 
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Table 3
Ranges of effectiveness in lowering selected water quality 
indicators

Parameter Reference system Test system

DOC, % 28.4–90.2 25.5–92.1
UV254, % 40.5–96.8 37.2–99.4

UV272, % 47.2–99.96 42.0–97.0

Color 340, % 56.4–99.7 49.9–99.7

Color 410, % 66.4–98.9 50.1–97.8
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development, as evidenced by the flushing of a larger number 
of microorganisms found in the reference system than in the 
test system (Fig. 7).

The very intense flushing of microorganisms during the 
first period of the study and its gradual decrease is a result 
of reaching the stabilization phase in the natural organism 
development cycle, with respect to the biofilm. This phe-
nomenon took place in the reference system, even though 
the ozonation process not only had an oxidative effect, but 
also a disinfectant effect, thanks to which only individual 
organisms entered the activated carbon beds. This indicated 
a significant influence of the organic substrate content on the 
speed of biofilm development on the bed surface. 

In the research system, the number of bacteria flushed 
into water was significantly lower, which is due to lower 
concentrations of organic food substrates in water reaching 
the filtration beds, and due to lower concentrations of 
ammonium ions, which are a ready source of non-organic 
nitrogen [38]. In both systems, phosphorus compounds were 
present in water undergoing adsorption, but its concentration 
was low, which could have been a factor limiting organism 
growth [39].

A decrease in UV254 and UV272 absorbance in both systems 
was almost proportional to the effectiveness in reducing 
color and DOC (Table 4), and consequently the reduction in 
absorption was greater in the system with ozonation (Table 3).
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Table 4
Linear correlations between the reduction in DOC content and 
other water quality indicators

Correlation R Number of 
samples (system)

ηDOC = 1.0435·ηUV254 – 14.374 0.9662 81 (test)
ηDOC = 1.0611·ηUV272 – 17.017 0.9469 81 (test)

ηDOC = 1.2547·ηC340 – 35.338 0.9639 81 (test)

ηDOC = 1.3209·ηC410 – 44.974 0.9070 81 (test)

ηC340 = 0.8174·ηUV254 + 17.51 0.9853 81 (test)

ηC340 = 0.8389·ηUV272 + 14.993 0.9745 81 (test)

ηC410 = 0.7033·ηUV254 + 28.038 0.9428 81 (test)

ηC410 = 0.7312·ηUV272 + 25.328 0.9447 81 (test)

ηDOC = 1.3413·ηUV254 – 48.664 0.8722 80 (test)

ηDOC = 1.4014·ηUV272 – 57.817 0.8473 80 (reference)

ηDOC = 1.586·ηC340 – 85.703 0.7331 80 (reference)

ηDOC = 1.1259·ηC410 – 52.365 0.4644 80 (reference)

ηC340 = 0.592·ηUV254 + 41.849 0.8301 80 (reference)

ηC340 = 0.6562·ηUV272 + 34.923 0.8585 80 (reference)

ηC410 = 0.3858·ηUV254 + 61.357 0.6074 80 (reference)

ηC410 = 0.4474·ηUV272 + 55.364 0.6856 80 (reference)
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A consequence from the reduction of organic substance 
concentrations, particularly those absorbing UV radiation, 
was a decrease in the SUVA, whose values in all water samples 
taken from the reference system after adsorption were lower 
than in water not undergoing ozonation. The reduction in 
SUVA in the reference systems in 96.3% of water samples was 
130% greater than that found in the test system (Fig. 8). This is 
due to a significant reduction in SUVA during the ozonation 
process, which changes the structure of organic substances 
into one more susceptible to adsorption [33], which increases 
the effectiveness of this process in removing DOC. SUVA 
values in water after adsorption in both systems were small 
(Table 1), and their average values were 1.63 and 1.07 m2/g, 
respectively, for systems without and with ozonation. This 
values point to the presence of mainly substances of a low 
molecular mass in water after adsorption, and to an increase 
in the effectiveness of removing substances of medium and 
low molecular mass in the system with ozonation.

The use of the ozonation process allowed not only for 
a lowering of water quality indicators measuring organic 
contamination, but also a slower decrease in this effective-
ness with time, improving the adsorption process stability. 
Consequently, thanks to ozonation, the bed operating time 
can be lengthened while maintaining a higher removal effec-
tiveness in removing organic substances. 

The values of electrokinetic potentate ƺ, both in water 
before and after the adsorption process, point to a lack of 
stability of the colloidal system of contaminants in water [40]. 
In water after absorption, the potential values were closer 
to the isoelectric point. These changes were significantly 
higher in the system without ozonation, which is probably 
due to the presence of larger molecular mass substances in 
this water, and a lack of transformation of these substances 
during ozonation. 

4. Conclusions

This study has shown that:

•	 Incorporation of the ozonation process prior to 
adsorption increased the effectiveness of removing DOC 
and, in particular, UV-absorbing substances, thereby 
lowering the health risks associated with the formation 
of disinfection by-products. But the differences in 
effectiveness were small, up to 10%. 

•	 In the system with ozonation, bacterial growth was 
significantly greater. 

•	 The ozonation process reduced the amount of bacteria in 
the water entering carbon beds.

•	 Thanks to the use of ozonation, the “lifetime” of activated 
carbon beds was lengthened, with the effectiveness in 
removing organic substances being reduced much more 
slowly with time. 

•	 The effectiveness in removing organic carbon in both 
systems was directly proportional to the decrease in UV 
absorbance and color intensity. 

•	 In the system with ozonation, organic substances of a low 
molecular mass were removed to a larger degree, which 
yielded a greater reduction in SUVA.

•	 The adsorption process preceded by ozonation changes 
the electrokinetic potential to a smaller degree, which 
may testify to a greater stability of the colloidal system. 

Acknowledgments

This publication was made possible by the National Center 
for Research and Development grant (PBS3/B9/44/2015) 
“Research on effectiveness of new water treatment technology 
as a step towards a shift in thinking about water utility sector” 
(WODTECH), and thanks to involvement of both project 
consortium members (Wrocław Municipal Waterworks and 
Drainage Company and Wrocław University of Science and 
Technology).

References
[1]	 R.P. Schwarzenbach, T. Egli, T.B. Hofstetter, U. von Gunten, B. 

Wehrli, Global water pollution and human health, Annu. Rev. 
Environ. Resour., 35 (2010) 109–136.

[2]	 A. Azizullah, M.N.K. Khattak, P. Richter, D.P. Häder, Water 
pollution in Pakistan and its impact on public health – a review, 
Environ. Int., 37 (2011) 479–497.

[3]	 P.E. Stackelberg, E.T. Furlong, M.T. Meyer, S.D. Zaugg, 
A.K. Henderson, D.B. Reissman, Persistence of pharmaceutical 
compounds and other organic wastewater contaminants in 
a conventional drinking-water-treatment plant, Sci. Total 
Environ., 329 (2004) 99–113.

[4]	 S.J. Hoeger, B.C. Hitzfeld, D.R. Dietrich, Occurrence and 
elimination of cyanobacterial toxins in drinking water treatment 
plants, Toxicol. Appl. Pharmacol., 203 (2005) 231–242.

[5]	 A.A. Gbolade, Inventory of antidiabetic plants in selected 
districts of Lagos State, Nigeria, J. Ethnopharmacol., 121 (2009) 
135–139.

[6]	 J.P. Sumpter, Pharmaceuticals in the Environment: Moving 
from a Problem to a Solution, Green and Sustainable Pharmacy, 
Springer Berlin Heidelberg, 2010.

[7]	 M.P. Ormad, N. Miguel, A. Claver, J.M. Matesanz, J.L. Ovelleiro, 
Pesticides removal in the process of drinking water production, 
Chemosphere, 71 (2008) 97–106.

[8]	 M. Abdennouri, M. Baalala, A. Galadi, M. El Makhfouk, 
M. Bensitel, K. Nohair, M. Sadiq, A. Boussaoud, N. Barka, 
Photocatalytic degradations of pesticides by titanium dioxide 
and titanium pillared purified clays, Arabian J. Chem., 9 (2016) 
313–318.

[9]	 C. de L. da N. Cuhna, A.C. Scudelari, P.C.C. Rosman, Using 
Modelling Techniques to Assess Sewage Pollution in the Potengi 
River Estuary, Brazil, Water and Society III, WIT Transactions 
on Ecology and the Environment, Vol. 200, 2015, pp. 237–248.

[10]	 N. Hudson, A. Baker, D. Reynolds, Fluorescence analysis 
of dissolved organic matter in natural, waste and polluted 
waters–a review, River Res. Appl., 23 (2007) 631–649.

[11]	 H.C. Kim, M.J. Yu, Characterization of natural organic matter 
in conventional water treatment processes for selection of 
treatment processes focused on DBPs control, Water Res., 39 
(2005) 4779–4789.

0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

17
-0

3-
30

17
-0

4-
06

17
-0

4-
13

17
-0

4-
20

17
-0

4-
27

17
-0

5-
04

17
-0

5-
11

17
-0

5-
18

17
-0

5-
25

17
-0

6-
01

17
-0

6-
08

17
-0

6-
15

17
-0

6-
22

17
-0

6-
29

17
-0

7-
06

17
-0

7-
13

17
-0

7-
20

17
-0

7-
27

Δ
SU

V
A

, m
2 /g

Collection date
Test system Reference system

Fig. 8. Comparison of the variability in reducing specific 
absorbance in systems with and without ozonation.



107M. Wolska et al. / Desalination and Water Treatment 117 (2018) 101–107

[12]	 S.D. Faust, O.M. Aly, Adsorption Processes for Water Treatment, 
Elsevier, 2013.

[13]	 I. Ali, New generation adsorbents for water treatment, Chem. 
Rev., 112 (2012) 5073–5091.

[14]	 O. Hamdaoui, E. Naffrechoux, Modeling of adsorption 
isotherms of phenol and chlorophenols onto granular activated 
carbon: Part I. Two-parameter models and equations allowing 
determination of thermodynamic parameters, J. Hazard. Mater., 
147 (2007) 381–394.

[15]	 S. Velten, D.R. Knappe, J. Traber, H.P. Kaiser, U. Von Gunten, 
M. Boller, S. Meylan, Characterization of natural organic matter 
adsorption in granular activated carbon adsorbers, Water Res., 
45 (2011) 3951–3959.

[16]	 H. Hyung, J.H. Kim, Natural organic matter (NOM) adsorption 
to multi-walled carbon nanotubes: effect of NOM characteristics 
and water quality parameters, Environ. Sci. Technol., 42 (2008) 
4416–4421.

[17]	 A. Matilainen, M. Vepsäläinen, M. Sillanpää, Natural organic 
matter removal by coagulation during drinking water treatment: 
a review, Adv. Colloid Interface Sci., 159 (2010) 189–197.

[18]	 L. Guzzella, D. Feretti, S. Monarca, Advanced oxidation and 
adsorption technologies for organic micropollutant removal 
from lake water used as drinking-water supply, Water Res., 36 
(2002) 4307–4318.

[19]	 C. Adams, Y. Wang, K. Loftin, M. Meyer, Removal of antibiotics 
from surface and distilled water in conventional water treatment 
processes, J. Environ. Eng., 128 (2002) 253–260.

[20]	 S. Esplugas, D.M. Bila, L.G.T. Krause, M. Dezotti, Ozonation 
and advanced oxidation technologies to remove endocrine 
disrupting chemicals (EDCs) and pharmaceuticals and personal 
care products (PPCPs) in water effluents, J. Hazard. Mater., 149 
(2007) 631–642.

[21]	 J. Altmann, A.S. Ruhl, F. Zietzschmann, M. Jekel, Direct 
comparison of ozonation and adsorption onto powdered 
activated carbon for micropollutant removal in advanced 
wastewater treatment, Water Res., 55 (2014) 185–193.

[22]	 D.R. Simpson, Biofilm processes in biologically active carbon 
water purification, Water Res., 42 (2008) 2839–2848.

[23]	 S.M. Korotta-Gamage, A. Sathasivan, A review: potential 
and challenges of biologically activated carbon to remove 
natural organic matter in drinking water purification process, 
Chemosphere, 167 (2017) 120–138.

[24]	 J. Altmann, D. Rehfeld, K. Trader, A. Sperlich, M. Jekel, 
Combination of granular activated carbon adsorption and 
deep-bed filtration as a single advanced wastewater treatment 
step for organic micropollutant and phosphorus removal, 
Water Res., 92 (2016) 131–139.

[25]	 A. Vinu, V. Murugesan, O. Tangermann, M. Hartmann, 
Adsorption of cytochrome c on mesoporous molecular sieves: 
influence of pH, pore diameter, and aluminium incorporation, 
Chem. Mater., 16 (2004) 3056–3065.

[26]	 Y.S. Al-Degs, M.I. El-Barghouthi, A.H. El-Sheikh, G.M. Walker, 
Effect of solution pH, ionic strength, and temperature on 
adsorption behavior of reactive dyes on activated carbon, Dyes 
Pigm., 77 (2008) 16–23.

[27]	 T.A. Kurniawan, W.H. Lo, G.Y. Chan, Degradation of 
recalcitrant compounds from stabilized landfill leachate using 
a combination of ozone-GAC adsorption treatment, J. Hazard. 
Mater., 137 (2006) 443–455.

[28]	 L. Hernández-Leal, H. Temmink, G. Zeeman, C.J.N. Buisman, 
Removal of micropollutants from aerobically treated grey water 
via ozone and activated carbon, Water Res., 45 (2011) 2887–2896.

[29]	 R.P. Galapate, A.U. Baes, M. Okada, Transformation of dissolved 
organic matter during ozonation: effects on trihalomethane 
formation potential, Water Res., 35 (2001) 2201–2206.

[30]	 I. Delpla, A.-V. Jung, E. Bauers, M. Clement, O. Thomas, Impacts 
of climate change on surface quality in relation to drinking 
water production, Environ. Int., 35 (2009) 1225–1233.

[31]	 A. Matilainen, N. Vieno, T. Tuhkanen, Efficiency of the activated 
carbon filtration in the natural organic matter removal, Environ. 
Int., 32 (2006) 324–331.

[32]	 N. Chandrasekhara Rao, S. Venkata Mohan, P. Muralikrishna, 
P.N. Sarma, Treatment of composite chemical wastewater 
by aerobic GAC-biofilm sequencing batch reactor (SBGR), J. 
Hazard. Mater., 124 (2005) 59–67.

[33]	 M. Wolska, Changes in water biostability levels in water 
treatment trials, Water Sci. Technol., 71 (2015) 538–544.

[34]	 R. Treguer, R. Tatin, A. Couvert, D. Wolbert, A. Tazi-Pain, 
Ozonation effect on natural organic matter adsorption and 
biodegradation – application to a membrane bioreactor 
containing activated carbon for drinking water production, 
Water Res., 44 (2010) 781–788.

[35]	 A. Chin, P.R. Bérubé, Removal of disinfection by-product 
precursors with ozone-UV advanced oxidation process, Water 
Res., 39 (2005) 2136–2144.

[36]	 X. Yu, Z. Qi, X. Zhang, P. Yu, B. Liu, L. Zhang, L. Fu, Nitrogen 
loss and oxygen paradox in full-scale biofiltration for drinking 
water treatment, Water Res., 41 (2007) 1455–1464.

[37]	 A.A. Yavich, K.H. Lee, K.C. Chen, L. Pape, S.J. Masten, 
Evaluation of biodegradability of NOM after ozonation, Water 
Res., 38 (2004) 2839–2846.

[38]	 F. Hammes, S. Meylan, E. Salhi, O. Köster, T. Egli, U. Von 
Gunten, Formation of assimilable organic carbon (AOC) 
and specific natural organic matter (NOM) fractions during 
ozonation of phytoplankton, Water Res., 41 (2007) 1447–1454.

[39]	 G. Gottschalk, Bacterial Metabolism, Springer-Verlag, 1986.
[40]	 W. Cheng, S.A. Dastgheib, T. Karanfil, Adsorption of dissolved 

natural organic matter by modified activated carbons, Water 
Res., 39 (2005) 2281–2290.


